To evaluate efficacy and safety of RLY5016 (a non-absorbed, orally administered, potassium [K + ]-binding polymer) on serum K + levels in patients with chronic heart failure (HF) receiving standard therapy and spironolactone.
Introduction
The use of aldosterone antagonists (AAs), when combined with angiotensin converting enzyme inhibitors (ACE-Is) or angiotensin receptor blockers (ARBs), has been associated with an improvement in survival and a reduction in hospitalizations for heart failure (HF) patients with chronic severe HF and a reduced left ventricular ejection fraction (HFREF) as well as in patients with HFREF post-myocardial infarction (MI). 1, 2 In addition, multiple reninangiotensin-aldosterone system (RAAS) blockers including direct renin inhibitors may be beneficial in patients with chronic kidney disease (CKD) and albuminuria, as well as in patients with resistant hypertension and other cardiovascular disorders. 3 -6 However, these agents are associated with an increased incidence of hyperkalaemia, especially in patients with concomitant CKD. 7 -9 Patients with CKD have been shown to have an attenuated ability to excrete K + . 10 Dietary K + intake, use of pharmaceutical agents that impair the ability to excrete K + , such as non-steroidal anti-inflammatory drugs or RAAS blocking agents, can increase serum K + to critical levels. Although the incidence of hyperkalaemia in large-scale randomized trials in HFREF patients receiving an ACE-I or ARB plus an AA is relatively low, 11 the patients in such trials were generally pre-selected by criteria that excluded CKD. In clinical practice where patient selection and serial monitoring of serum K + adheres to the criteria used in large-scale clinical trials, the incidence of hyperkalaemia is low. 12 However, in clinical practice where patient selection and serial monitoring of serum K + may be less rigorous, the incidence of hyperkalaemia is increased, at times resulting in kidney failure and death. 13, 14 The potential risks of inducing hyperkalaemia by multiple RAAS inhibitors/blockers has resulted in the use of less than target or maximally tolerated doses of these life saving agents, especially in patients with concomitant CKD. RLY5016 is a non-absorbed polymer designed to bind K + in the gastrointestinal (GI) tract and thereby reduce serum K + . The aim of this study is to determine the efficacy, safety, and tolerability of RLY5016 in a prospective randomized double-blind pilot study in patients at risk of developing hyperkalaemia, receiving standard therapy for HF and who were initiating AA therapy with spironolactone.
Methods Patients
Eligible patients were ≥18 years of age, had a history of chronic HF, an indication to initiate spironolactone therapy, per the investigator's clinical judgment, a serum K + concentration of 4.3 -5.1 mEq/L at screening.
In addition, they must have had either (i) CKD [with estimated glomerular filtration rate (eGFR) determined by a local laboratory of ,60 mL/min] and were receiving one or more HF therapies (ACE-Is, ARBs, beta-blockers); or (ii) a documented history of hyperkalaemia that led to discontinuation of therapy with an AA, ACE-I, ARB, or beta-blocker within 6 months prior to the baseline visit.
Patients were excluded if they had severe GI disorders, major GI surgery, bowel obstruction, swallowing disorders, significant primary valvular disease, known obstructive or restrictive cadiomyopathy, uncontrolled or unstable arrhythmia, episode of unstable angina within 3 months prior to baseline, acute coronary syndrome, transient ischaemic attack, a QTc value of .500 ms (using Bazett's correction formula), recent or anticipated cardiac surgery or intervention, kidney transplantation or need for transplantation, receiving dialysis or anticipated need for dialysis during the study, sustained systolic blood pressure .170 or , 90 mmHg, elevated liver enzymes (more than three times the upper limit of normal), or any condition that had the potential to interfere with study compliance or jeopardize the safety of the patient.
Study protocol
This 4-week, double-blind, randomized, placebo-controlled, parallel-group study was conducted at 38 centres in the USA, Germany, the Czech Republic, Poland, the Ukraine, Russia, and Georgia. All participating sites received approval from their locally appointed ethics committee (or equivalent); all patients provided informed written consent, and the study was performed in accordance with current local and national regulations, the International Conference on Harmonisation Good Clinical Practice guidelines, and other applicable requirements governing the conduct of human clinical trials. The study was registered with ClinicalTrials.gov, with an identifier of NCT00868439.
Patients who completed screening and satisfied the eligibility criteria proceeded to baseline assessments, which included review of medical and medication histories, a physical examination, including weight, resting vital signs, and 12-lead electrocardiogram (ECG), determination of serum K + (performed by both local and central laboratories), and clinical laboratory tests (including serum chemistry, haematology, and urinalysis); in addition, women of child-bearing potential had a serum pregnancy test. Following baseline assessments, patients who continued to meet eligibility criteria were randomized 1:1 to RLY5016 or placebo treatment in a blinded fashion. Patients were instructed to take 15 g of study drug orally in the morning and evening (for a total daily dose of 30 g) and to mix study drug (supplied as a powder) with water or a low-potassium food prior to administration. Patients were also instructed to start spironolactone at a dose of 25 mg/day. After 2 weeks (i.e. on Day 15), spironolactone was increased to 50 mg/day if the patient's serum K + was . 
Clinical endpoints
The primary efficacy endpoint was the mean change of serum K + from baseline to the end of the study (Day 28). Secondary endpoints included the proportion of patients with serum K + .5.5 mEq/L at any time during the trial and the proportion of patients whose spironolactone dose could be increased to 50 mg/day. Serum K + data Evaluation of the efficacy and safety of RLY5016 measured at a central laboratory were used for the efficacy analysis. The safety of RLY5016 was assessed by the incidence of AEs or clinically significant changes from baseline in clinical laboratory values, vital signs, and ECG parameters.
Statistical analysis
A sample size of 100 patients (50 patients per treatment group) was determined to ensure at least 90 patients (45 patients per treatment group) would be available with primary efficacy data for analysis. This sample size had 90% power to detect a difference of 0.7 mEq/L in the mean change of serum K + from baseline to the endpoint [last observation carried forward (LOCF)] between two treatment groups. This calculation was based on a two-sided two-sample t-test with a 1:1 sample size allocation ratio, a standard deviation (SD) of 1 mEq/L, and a significance level of a ¼ 0.05. Efficacy and safety analyses were performed on the modified intent-to-treat (mITT) population, defined as all randomized patients who received study medication and had available efficacy data. All mITT patients were included in the primary and secondary efficacy analyses. Baseline measurement was the last available measurement obtained prior to the start of treatment. The endpoint was obtained at Day 28 post-treatment or was derived based on the LOCF method for missing data.
A parallel lines analysis of covariance (ANCOVA) model was used for the analysis of the primary efficacy measurement. This ANCOVA model included treatment and region factors, and baseline serum K + as a covariate. The least squares (LS) estimate of the mean change in serum K + of each treatment and its 95% confidence interval (CI) was calculated. In addition, the LS estimate of the difference between RLY5016 treatment and placebo treatment (RLY5016 treatment minus placebo) and its 95% CI was calculated. Patients from all study centres were pooled for the analysis of the categorical outcome data. For the analysis of the dichotomous outcome data, a two-sample Z-test on two proportions between RLY5016 treatment and placebo treatment was performed. The difference between two proportions (RLY5016 treatment minus placebo) and its 95% CI were calculated. Adverse event analyses were performed for the safety population, which included all patients who received at least one dose of study drug. The two-sided Fisher exact test was used to compare the incidence of AEs between two treatment groups. Statistical analyses were performed using SAS version 9.1 (SAS Institute Inc., Cary, NC, USA).
Results

Patient characteristics
Study data were collected between June 2009 and November 2009. A total of 120 patients were randomized (60 to each treatment group) and 105 patients (63 men and 42 women with a mean age of 68 years) received at least one dose of study drug (56 received RLY5016 and 49 placebo) ( Figure 1 ). One patient randomized to RLY5016 received one dose of study drug but did not return to the clinic within the protocol-specified time period and was therefore not evaluable for efficacy. This patient was excluded from the mITT population, but included in the safety population. The two treatment groups were balanced with respect to baseline characteristics ( Table 1) . Patients had a history of HF with a mean duration of just over 4 years, and an ejection fraction of 40%. Most patients were classified as NYHA class II or III.
About one-third of patients had diabetes and the baseline eGFR for all patients was 81 + 33 mL/min (calculated based on assessments by a central laboratory). At baseline, four patients (4%) had severe renal impairment (eGFR ,30 mL/min) and 28 patients (27%) had an eGFR ,60 mL/min. Eleven patients (15%) had HF with preserved ejection fraction (HFPEF; LVEF ≥50%), 5 in placebo and 6 in the RLY5016 group. Two RLY5016-treated patients with HFPEF were included due to a history of hyperkalaemia that resulted in discontinuation of a RAAS blocker or beta-adrenergic blocking agent. At baseline, all but two patients (both in the placebo group) were receiving a RAAS inhibitor or beta-blocker. Slightly more than half of the patients were on dual therapy of an ACE-I and a beta-blocker (60% RLY5016 and 53% placebo), 18% of patients were on dual therapy with an ARB and a beta-blocker (13% RLY5016 and 22% placebo), and no patients were on both ACE-I and ARB. Few patients were on monotherapy alone (11%) and 3% of patients were on triple therapy (ACE-I, ARB, and betablocker). An equal proportion of patients (74%) received diuretics (15% thiazide, 57% loop) in both the RLY5016 and placebo groups. The two placebo patients who were not taking a RAAS or betablocker had a history of hyperkalaemia that required discontinuation of these medications.
Overall, 88 (84%) patients completed the study and 17 (8 in the RLY5016 group and 9 in the placebo group) prematurely terminated from the study. Reasons for discontinuation were attributed to AEs (four patients from the RLY5016 group and two from the placebo group); death (one patient in the placebo group); protocol-specified discontinuation criteria (two RLY5016 patients and three placebo patients); protocol non-compliance (one RLY5016 patient); investigator decision (one RLY5016 patient); randomization error (one placebo patient); and elective withdrawal (one placebo patient). Compliance with study drug and spironolactone was measured by the examination of bottles returned to the clinic at each visit (every 4-7 days); the compliance was . 97% in both placebo and active groups.
Efficacy
At baseline, mean serum K + values were not different between treatment groups: 4.69 mEq/L for the RLY5016 group and 4.65 mEq/L for the placebo group (between-group P ¼ 0.664).
At the end of the treatment period, RLY5016 had significantly lowered serum K + levels relative to placebo, with a difference between groups of 20.45 mEq/L (P , 0.001). Following the start of dosing with spironolactone and study drug on Day 1, serum K + values decreased in patients treated with RLY5016 and increased in patients on placebo ( Figure 2) . The difference in response between treatment groups was statistically significant at every measured time point, starting at Day 3 (2 days after initiation of study medication) and continuing through Day 28, despite an increase in spironolactone (from 25 to 50 mg/day) at Day 15. At Day 28 (the end of treatment), patients in the RLY5016 group had a mean (LS) change in serum K + from baseline of 20.22 mEq/L, whereas patients in the placebo group had a mean change of +0.23 mEq/L. At all times during the treatment period, fewer patients in the RLY5016 treatment group developed hyperkalaemia (with a serum K + value .5.5 mEq/L) compared with placebo (7 vs. 25%, P ¼ 0.015; Table 2 ). However, more RLY5016-treated patients had hypokalaemia (K + ,3.5 mEq/L) than placebo patients (6 and 0%, respectively), and significantly more RLY5016 patients had K + values ,4.0 mEq/L than placebo patients (47 vs. 10%, respectively; P , 0.001; Table 2 ). In addition, significantly more patients in the RLY5016 group were able to have their spironolactone dose increased compared with patients in the placebo group (91 vs. 74%, P ¼ 0.019; Table 2 ).
In the subset of patients with baseline eGFR ,60 mL/min (15 treated with RLY5016 and 13 placebo), the mean change in serum K + to the end of study was different between treatment groups (P ¼ 0.031): 20.14 vs. +0.38 mEq/L in the RLY5016 and placebo groups, respectively ( Table 3) . Consistent with the analysis of serum K + for all patients, RLY5016-treated patients with a baseline eGFR ,60 mL/min showed greater reduction in mean serum K + compared with placebo as early as Day 3. The differences in response between treatment groups reached statistical significance on Day 7, which continued throughout the remainder of the study despite the fact that more RLY5016 patients received a higher mean dose of spironolactone compared with placebo patients. For patients with a baseline eGFR ≥60 mL/min, the mean change in serum K + from baseline to the end of treatment was also significantly different between treatment groups (20.35, P ¼ 0.001; Table 3 ).
The incidence of hyperkalaemia in the subgroup of HF patients with CKD was significantly reduced with RLY5016 treatment compared with placebo (P ¼ 0.041 for patients with eGFR ,60 mL/ Evaluation of the efficacy and safety of RLY5016 min). The incidence of hyperkalaemia in patients with an eGFR ≥60 mL/min was lower with RLY5016 treatment compared with placebo, although the difference was not significant (P ¼ 0.13) ( Table 4) . Although not statistically significant, 87% of HF patients with CKD treated with RLY5016 could increase their spironolactone dose compared with 69% of the placebo-treated cohorts with eGFR ,60 mL/min.
The efficacy results for the subgroups based on baseline eGFR were estimated from an ANCOVA model that included treatment, region, baseline eGFR group, GFR group by treatment interaction factors, and baseline value as covariates. Based on this analysis, for patients with a baseline eGFR ,60 and ≥60 mL/min, there was no significant GFR-by-treatment interaction (P ¼ 0.61).
Among the subset of patients who entered the study under the criteria of a previous history of hyperkalaemia [22 treated with RLY5016 and 15 placebo ( Table 1 )], the difference in the mean change from baseline to last observation in serum K + between treatment groups was 20.34 and +0.09 mEq/L for the RLY5016 and placebo groups, respectively (P ¼ 0.058) ( Table 5 ). The incidence of hyperkalaemia in this subset was 9.1% in the RLY5016 group vs. 20.0% in the placebo group (P ¼ 0.34).
Safety
Thirty (54%) patients in the RLY5016 treatment group and 15 (31%) in the placebo group experienced at least one AE ( Table 6 ). The most common AEs were GI disorders (e.g. flatulence, diarrhea, constipation, and vomiting), which were reported with higher frequency in the RLY5016 group compared with the placebo group (21 vs. 6%, respectively). The majority of AEs were graded by the investigator as mild or moderate in intensity.
A similar proportion of patients in each treatment group had an AE that led to discontinuation of study drug (7% RLY5016, 6% placebo). Four patients (two in each treatment group) had an SAE. In the RLY5016 group, one patient had three SAEs, which included worsening coronary artery disease (CAD), atrial fibrillation, and a non-ST segment elevation MI; a second patient had worsening CAD. In the placebo group, one patient had an SAE of knee gout, and a second patient had sudden cardiac arrest that resulted in death. None of the SAEs was considered by the investigator to be study drug related.
There were no clinically meaningful treatment-related changes in most laboratory tests (e.g. serum chemistry, haematology, and urinalysis). In addition to potassium ( Table 2) , serum chemistry testing included evaluation of calcium, iron, magnesium, phosphorous, and sodium. Significant changes were noted for serum K + (as anticipated) and serum magnesium. Although mean serum magnesium values were within normal limits, a small but statistically significant decrease from baseline was observed (20.22 vs. 0.01 mg/dL for the RLY5016 and placebo groups respectively, P , 0.001). Serum magnesium ,1.8 mg/dL during the treatment period was seen in 13 (24%) RLY5016-treated patients and 1 (2.1%) placebo-treated patient. Additionally, hypomagnesaemia (serum Mg 2+ ,1.8 mg/ dL) occurred in two of the three hypokalaemic patients (serum K + , 3.5 mEq/L). There was no increase in the incidence of ventricular arrhythmias associated with either the development of hypokalaemia or hypomagnesaemia in these patients. Both RLY5016-and placebo-treated patients had significant changes in mean serum creatinine from baseline to the end of study drug treatment at Day 28: the RLY5016 group had a mean 
No RAAS inhibitors or b-blocker 0 (0) 2 (4) Entry criteria, n (%) (1) CKD with eGFR ,60 mL/min 27 (50%) 30 (63%) (2) History of hyperkalaemia 22 (41%) 15 (31%) Both (1) and (2) 5 (9%) 3 (6%)
Data are presented as mean + SD unless stated otherwise. ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; HF, heart failure; NYHA, New York Heart Association; RAAS, renin-angiotensin -aldosterone system. increase of 0.10 mg/dL (P ¼ 0.012), and the placebo group had a mean increase of 0.16 mg/dL (P ¼ 0.001). The difference between the two treatment groups was not significant (20.07 mg/dL, P ¼ 0.218). For the subgroup of patients with concomitant CKD, neither treatment group had a significant change from baseline serum creatinine, and there was no significant difference between treatment groups. For the subgroup of patients with a baseline eGFR ≥60 mL/min, the mean change in serum creatinine within the RLY5106 group from baseline to the end of treatment was an increase of 0.10 mg/dL (P ¼ 0.008); the change in the placebo group was an increase of 0.016 mg/dL (P ¼ 0.001); and the difference between groups was not significant (P ¼ 0.262). For patients who developed hyperkalaemia in the placebo group, there was a mean increase in serum creatinine of 0.07 mg/dL, whereas in patients who developed hyperkalaemia in the RLY5016 group, the mean serum creatinine decreased by 0.05 mg/dL (P ¼ NS compared with placebo). There were no significant changes in mean eGFR from baseline to the end of treatment at Day 28, either within treatment groups or between treatment groups (the mean difference between groups was 1.52 mL/min, P ¼ 0.63). Consistent results were observed for subgroups based on baseline eGFR (, 60 and ≥60 mL/min). For patients with a baseline eGFR ,60 mL/min, the difference between treatment groups was 3.31 mL/min (P ¼ 0.61), and for patients with a baseline eGFR ≥60 mL/min, the difference between groups was 1.06 mL/min (P ¼ 0.78).
There were no significant changes on blood pressure or heart rate from baseline to the end of treatment at Day 28 between treatment groups. Furthermore, there were no clinically meaningful treatment-related changes observed for ECGs or physical examinations.
Discussion
This first prospective, placebo-controlled, double-blind trial of RLY5016 to prevent hyperkalaemia in chronic HF patients receiving standard therapy, including an ACE-I or ARB and a beta-adrenergic blocking agent in addition to spironolactone 25 -50 mg/day, demonstrated that RLY5016 significantly decreased Evaluation of the efficacy and safety of RLY5016 serum K + , reduced the incidence of hyperkalaemia, and increased the proportion of patients in whom the dose of spironolactone could be increased to 50 mg/day. These results were obtained in patients with HF and concomitant CKD, as well as in patients with HF and a history of hyperkalaemia requiring prior discontinuation of a RAAS blocking agent. A 30 g/day dose of RLY5016 significantly reduced serum K + relative to placebo, with a difference between treatment groups of 0.45 mEq/L. Furthermore, RLY5016 prevented the development of hyperkalaemia (serum K + .5.5 mEq/L), and allowed a significantly greater percentage of patients to be up-titrated from 25 mg/day to 50 mg/day of spironolactone compared with placebo (91 vs. 74%, Table 2 ). The significant reduction in serum K + in patients randomized to 30 g/day of RLY5016 was observed within 2 days of initiating treatment and persisted throughout the 4-week course of the study (Figure 2 ). In the subgroup of patients with HF and a history of hyperkalaemia requiring prior discontinuation of a RAAS blocker, but without concomitant CKD, the mean increase in serum K + and the incidence of hyperkalaemia following administration of spironolactone 25 -50 mg/day was relatively low in patients assigned to placebo ( Table 5 ). The explanation for the relatively small increase in serum K + and low incidence of hyperkalaemia despite administration of 25 -50 mg/day of spironolactone in these patients is uncertain. In contrast, in the subgroup of patients with HF and concomitant CKD (baseline eGFR ,60 mL/min), the incidence of hyperkalaemia after receiving spironolactone was 39% among patients taking placebo compared with 7% among patients taking RLY5016 ( Table 4 ).
RLY5016 at 30 g/day was relatively well tolerated over the 4-week course of the study. Gastrointestinal side effects, generally mild or moderate in nature, were the most common side effects reported and occurred at a higher incidence on RLY5016 compared with placebo ( Table 6 ). Treatment with RLY5016 caused a 6% incidence of hypokalaemia (serum K + ,3.5 mEq/L) and a 47% incidence of a serum K + ,4.0 mEq/L ( The RLY5016 polymer is synthesized as a 100 mm bead, with optimized flow and viscosity properties. RLY5016 is not administered with a cathartic, has not been associated with the occurrence of bowel necrosis, and has not been found to interfere with the absorption of drugs that are commonly administrated to patients with HF and CKD, with the exception of a 30% reduction in the bioavailability of valsartan and rosiglitazone in preclinical co-administration studies in rats (data on file).
RLY5016 binds soluble potassium in the GI tract, thereby effecting movement of K + from the serum into the intestinal lumen and ultimately reducing total body potassium by increasing fecal potassium excretion. Previous studies have demonstrated that the relationship between total body potassium and serum K + is nonlinear. 20 selected for the present study, such as those with hyperkalaemia. Given the characteristics of the study, several limitations are apparent. LVEF was not a criterion for entry and on average, the patients in this study had less severe HF (and a higher LVEF than those included in RALES), therefore some of the patients did not meet current ESC/AHA/ACC-HF guideline recommendations for initiation of AA treatment. Additionally, the sample size was relatively small, the duration of the study was limited to 4 weeks of treatment, and a single dose of RLY5016 was evaluated.
The risk of a serum K + .5.5 mEq/L was emphasized by a recent study of over 245 000 patients in the Veterans Administration system who had a measurement of serum K + and on follow-up were found to have a significantly increased risk of death (with an odds ratio of 10.32) within 1 day of having a serum K + .5.5 mEq/L. 21 While CKD has been shown to be an important predictor of hyperkalaemia in patients receiving multiple RAAS blockers, recent studies have found that patients with HF and normal kidney function, especially those with the NR3C2 215G genotype, may also develop hyperkalaemia 22 despite the finding that serum K + tends to decrease with the severity of HF in patients with normal kidney function. 23 While the acute treatment of hyperkalaemia associated with ECG changes characteristic of hyperkalaemia and or ventricular arrhythmias will likely continue to rely on the use of dialysis and other accepted strategies, the current results with RLY5016 in patients with HF and CKD suggest that it may be possible to avoid the need for dialysis in some patients. Longer term studies with a greater numbers of participants will be necessary to determine the long-term efficacy and tolerability of RLY5016 both for the prevention of hyperkalaemia as well as its treatment once it occurs. In addition, dose ranging studies will be required to avoid trading the risks of hyperkalaemia for those of hypokalaemia and hypomagnesaemia.
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